Epigenetics is a branch of science that focuses on mechanisms related to control and modification of expression of genetic material without any changes to its sequences. Such mechanisms include post-translational modifications of histones. It is widely known that carcinogenesis is related to hypoacetylation of genes that influence apoptosis, the cell cycle, cell signaling, the immunologic response, angiogenesis and occurrence of metastasis. Currently conducted research focuses on several strategies related to epigenetic therapy. One such strategy is based on the use of histone deacetylase inhibitors. This paper presents mechanisms through which these compounds work and a summary of their characteristics. It also includes a review of clinical tests related to histone deacetylase inhibitors, as well as their relationship with other chemotherapeutic methods. A better understanding of the involved mechanisms will provide a rational basis to improve the therapeutic outcome of available antitumor agents.
Introduction
Epigenetics is a branch of science that focuses on mechanisms related to control and modification of expression of genetic material without any changes to its sequences. Such mechanisms include post-translational modifications of histones. Expression of genes could be related to the availability of chromatin for transcription complexes.
Activation of gene expression occurs under the influence of the processes of acetylation, phosphorylation and methylation of lysine and arginine (H3-K4, H3-K36 and H3-K79), as well as ubiquitylation of H2B-K120. Methylation of H3-K9, H3-K27 and H4-K20 and ubiquitylation of H2B-K120 inhibit expression [1] .
It is widely known that carcinogenesis is related to hypoacetylation of genes that influence apoptosis, the cell cycle, cell signaling, the immunologic response and metastasis. The process of acetylation is catalyzed by histone acetyltransferase (HAT). The reverse process of deacetylation occurs with participation of histone deacetylase (HDAC) activity [2] .
Histone deacetylases have been identified in mammal cells so far. They were divided into four classes, based on the homology to yeast enzymes. Class I HDACs (HDAC1-3, 8) can be mainly found in the nucleus and are related to various kinds of transcriptional repressors (Sin3, CoRest, SMRT/NCoR and NuRD). Class II HDACs (HDAC4-7, 9, 10) can be found in both the nucleus and the cytoplasm. Histone deacetylase 4 is engaged in a multiprotein transcriptional corepressor complex and is implicated in myocyte differentiation, skeletogenesis, and neuronal survival. Class III HDACs are also called sirtuins (SIRT, silent information regulators). This class of enzymes depends on the NAD cofactor. There are currently seven members of this class known to occur in humans. Sirtuins are located in the nucleus, cytoplasm and mitochondria. Histone deacetylase 11, which is sometimes called class IV, negatively regulates interleukin 10 [3] .
Epigenetic therapy
Several strategies related to epigenetic therapy are currently being tested. One of these strategies is based on the use of histone deacetylase activity inhibitors (HDACi). Drugs from this group feature various mechanisms in anti-tumor therapy. One of these mechanisms is based on selective initiation of apoptosis in tumor cells through the mitochondrial pathway and by influencing the expression of proteins such as Bcl-2 (B-Cell CLL/lymphoma 2), Bcl-XL (B-cell lymphoma-extra large), XIAP (X-linked inhibitor of apoptosis) and Mcl-1 (myeloid cell leukemia sequence 1) [4] , as well as through activation of the death receptors (DR4, DR5, Fas) [5] .
There are also reports on the influence of HDACi on the functioning of important transcription factors, such as Stat3 (signal transducer and activator of transcription-3) and NF-κB (nuclear factor-κB) in inflammatory processes and occurrence of neoplastic lesions [6] .
Histone deacetylase inhibitor also influence regulation of the cell cycle through blocking it at the G1/S point. This is a result of the fact that drugs from this group interact with the genes p21 as well as CDK2 (cyclin-dependent kinase 2) and CDK4 (cyclin-dependent kinase 4) [7] . It is assumed that HDACi can also have an anti-angiogenic and inhibitory effect on the occurrence of metastasis through modulation of expression of the coding genes VEGF (vascular endothelial growth factor), bFGF (basic fibroblast growth factor), HIF-1α (hypoxia-inducible factor-1α), angiopoietins, eNOS (endothelial nitric-oxide synthase), MMPs (matrix metalloproteinases) and TIMPs (tissue inhibitors of metalloproteinases) [3, [7] [8] [9] .
Histone deacetylase inhibitor cause accumulation of reactive oxygen species (ROS) and caspase activation in transformed but not normal cells [10] .
Moreover, HDACi can contribute to inhibition of expression of various proteins which participate in repair of DNA, such as RAD50, RAD51 and Mre11 (meiotic recombination 11) [11] .
Moreover, there is growing evidence that HDACi may increase immunogenicity of neoplastic cells through an influence on the expression of MHC (major histocompatibility complex), CD40, CD80 and CD86 molecules and intercellular adhesion molecule 1 (ICAM-1) [7, 12] .
Systematics of histone deacetylase inhibitor compounds
There are several ways to systematize HDACi compounds. The first division is based on their chemical constitution. HDACi include hydroxamic acid derivatives, shortchain aliphatic (fatty) acids, benzoic acid amides, cyclic tetrapeptides, and epoxides. The second division is based on their activity in relation to various classes of HDAC [13] .
Histone deacetylase inhibitor in cancer therapy
Examples below present various applications of HDACi in cancer therapy attempts.
Vorinostat (suberoylanilide hydroxamic acid, SAHA, trade name Zolinza, MSK-390) is a derivative of hydroxamic acid. It was the first HDACi compound certified by the FDA (Food and Drug Administration) authorities to be used in refractory cutaneous T-cell lymphoma (CTCL) therapy. It is a class I HDAC inhibitor (HDAC1, HDAC2, HDAC3) and a class II inhibitor (HDAC6) [14] . One of the first clinical studies where vorinostat was used in cancer therapy was a phase I study conducted by Kelly et al. [15] in a group of 73 patients with hematologic malignancies. The maximum tolerated dose was 400 mg once a day and 200 mg twice a day for continuous daily dosing and 300 mg twice a day for 3 consecutive days per week dosing. The compound demonstrated good bioavailability of 43%. Twenty-two patients (30%) remained under observation for 4 to 37+ months. There was 1 complete response, 3 partial responses, and 2 unconfirmed partial responses [15] . A study conducted by Olsen et al. [16] on 74 patients suffering from CTCL demonstrated unfavorable side-effects of vorinostat, such as diarrhea, fatigue, nausea, and anorexia. The ORR (objective response rate) was 29.7% overall, and 29.5% in stage IIB or higher patients [16] .
Romidepsin (depsipeptide, trade name Istodax, FK228, FR901228) is a cyclic tetrapeptide isolated for the first time from Chromobacterium violaceum bacterial strains. This compound mainly inhibits activity in the HDAC class I. Pre-clinical trials proved it to have a strong cardiotoxic effect. The first clinical phase study conducted by Sandor et al. [17] on 37 patients did not confirm that effect, though it showed cardiac arrhythmia of the patients. In that trial, romidepsin was administered on day 1 and day 5 of a 21-day cycle as a 4-h i.v. infusion through a central venous catheter that had healed for at least 7 days after placement. One patient achieved a partial response. Similarly to vorinostat, romidepsin was authorized by the FDA to be used in CTCL treatment [17] .
Belinostat (PXD101) is a member of the hydroxamic acid derivative family, affecting all HDAC classes [18] . A clinical phase I trial conducted by Steele et al. [19] on patients with advanced stages of solid tumors showed that the maximum tolerated dose was 1000 mg/m 2 /day (a total of 46 patients were given belinostat in one of six doses ranging from 150 to 1200 mg/m 2 /day). Stabilization of the disease was achieved in 39% of cases [19] .
Mocetinostat (MGCD0103) is a benzoic acid amide, a class I and IV HDAC inhibitor [20] . One of the first phase I clinical trials was conducted by Garcia-Manero et al. [21] on 29 patients diagnosed with leukemia and myelodysplastic syndromes (MDS). The trial proved that the maximum tolerated doze was 60 mg/m 2 . Higher doses resulted in such side-effects as fatigue, nausea, vomiting and diarrhea [21] . Table 1 shows characteristics of HDACi and a review of neoplasms treated in the clinical trials where the mentioned compounds were used [based on 22, 23] .
Despite a number of promising results of those trials, further solutions are sought in order to increase efficiency of clinical applications of HDACi. One of the ways to do so is combining HDACi with other chemotherapeutic methods.
The first example of such combination is application of azacitidine with various types of HDACi (e.g. entinostat, mocetinostat, panobinostat, valproic acid, vorinostat) [23] . Azacitidine is an analog of pyrimidine nucleotide and a DNA methyltransferase inhibitor (DNMTi) [24] . The process of methylation is based on covalent modification of cytosines through binding a methyl group from S-adenosylmethionine (SAM) to the fifth carbon atom of that compound in a catalytic reaction of DNA methyltransferase (DNMT). Distortion in the process of DNA methylation can lead to oncogenesis. This process may be related to hypermethylation of CpG islands of the suppressor genes or to a decrease in the level of methylation (hypomethylation) within the promoters of genes involved in proliferation and differentiation of cells [1] . The combination of HDACi and DNMTi is currently the focus of several clinical trials related to the treatment of such neoplasms as leukemia, non-small cell lung cancer, and multiple myeloma [23]. Another strategy is combination of a HDACi compound such as vorinostat with β-phenylethyl isothiocyanate, a natural compound capable of depleting glutathione, which significantly enhanced the cytotoxicity of vorinostat in leukemia cell lines and primary leukemia cells [25] .
There are also reports of combining HDACi with proteasome inhibitors, for example bortezomib. Other ongoing clinical trials include a combination of panobinostat and bortezomib in peripheral T cell lymphoma, multiple myeloma, and pancreatic cancer [23, 26] .
Another tested combination is application of HDACi with DNA-damaging drugs. An example of such a method is karenitecin (KTN, a compound from the topoisomerase I inhibitor group). Phase I and II clinical trials conducted by Daud et al. [27] on patients with diagnosed stage IV melanoma aged 29-89 used various combinations of valproic acid (in 30-90 mg/kg/day doses) with karenitecin (in 0.8 and 1 mg/m 2 /day doses). They proved that the maximum tolerated dose of valproic acid was 75 mg/kg/day combined with a 1 mg/m 2 / day dose of KTN. Stabilization of disease progression was noted in 39% (13 out of 33) of cases [27] .
Summary
Histone deacetylase inhibitors are compounds that are more and more frequently used in cancer therapy. The future of HDACi application may involve combined therapy strategies. It is also necessary to improve our understanding of the effects caused by this group of drugs. The majority of currently available studies focus on the changes in gene function caused by inhibition of histone acetylation. For a more comprehensive understanding, side effects of application of these compounds should also be noted. They are the result of toxicity of HDAC and DNMT inhibitors and the lack of a selective effect on particular genes. It is expected that a combination of HDAC and DNMT inhibitors with more conventional chemo-and radiotherapy will bring success to cancer therapy.
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